In this review article, a detailed chronological account of the research related to photoacoustic imaging for the management of breast cancer is presented. Performing a detailed analysis of the breast cancer detection related photoacoustic imaging studies undertaken by different research groups, this review attempts to present the clinical evidence in support of using photoacoustic imaging for breast cancer detection. Based on the experimental evidence obtained from the clinical studies conducted so far, the performance of photoacoustic imaging is compared with that of conventional breast imaging modalities. While we find that there is enough experimental evidence to support the use of photoacoustic imaging for breast cancer detection, additional clinical studies are required to be performed to evaluate the diagnostic potential of photoacoustic imaging for identifying different types of breast cancer. To establish the utility of photoacoustic imaging for breast cancer screening, clinical studies with high-risk asymptomatic patients need to be done. Keywords: photoacoustic imaging; optoacoustic imaging; breast imaging; breast cancer detection; breast phantom imaging; animal breast imaging; in vivo breast imaging; breast cancer screening; breast cancer diagnosis
Introduction
Globally, the number of breast cancer cases was largest among the different types of cancers, considering male and female populations together, and it was the leading cause of cancer-induced deaths among women in 2015 [1] . Breast cancers are classified as non-invasive breast cancer and invasive breast cancer (IBC). Non-Invasive breast cancers are those which do not spread, and comprise ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). Invasive or infiltrating breast cancers can spread to other parts of the body, and they are comprised of invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) [2] .
In the year 2015 alone, worldwide, 523,000 women died because of breast cancer, while in the previous 16 years (2005-2015) breast cancer cases had increased by 43% [1] . For American women, it is the second leading cause of deaths due to cancer [3, 4] . The American Cancer Society estimated that the number of new female IBC cases in the United States for 2019 would be 268,600 in addition to 62,930 in situ cases, and also estimated that the number of deaths due to female breast cancer would be 41,760 [5] .
Early detection of breast cancer can be an effective strategy for reducing the number of breast cancer-induced deaths [6] . For successful treatment, breast cancer should be detected at an early stage when it is small and yet to spread. For early detection, a reliable screening technique for detecting breast cancer in asymptomatic women was required. Breast cancers that are detected successfully unacceptability for pregnant women, and patients with metal implants, MRI is not a suitable imaging modality for early detection of breast cancer [10, 14, 18, 25, 26] .
Angiogenesis, i.e., the production of new blood vessels, is a primary hallmark for detection of malignant lesions [27] [28] [29] .This hallmark can be detected by probing the breast with optical radiation at the NIR (near-infrared) region. However, pure optical imaging suffers from degrading spatial resolution with an increase of the depth in soft tissue, whereas photoacoustic (PA) imaging is capable of maintaining good spatial resolution inside the tissue [30] . PA imaging is an emerging hybrid imaging modality based on the PA effect. In the PA effect, after absorbing a short duration (nanosecond) pulse laser light, the light absorbing material (soft tissue) generates US waves [31, 32] . The absorbed light energy creates localized heating inside the light-absorbing material which, in turn, produces an increase of pressure and this pressure is released in the form of broadband US waves [33] . As it uses light to probe the tissue, PA imaging can determine functional information in terms of optical properties of the tissue which change with the change of the distribution of blood vessels, as well as other chromophores (light-absorbing tissue elements) inside the tissue. At the same time, since it detects US waves which do not scatter much inside soft tissue, PA images do not suffer from the problem of poor spatial resolution deep inside the soft tissue. The low-intensity non-ionizing laser light used in PA imaging poses no health hazard, unlike the ionizing radiation associated with X-ray screening mammography. Another advantage with PA imaging is that since the receiving technology is the same for both PA and US imaging, the already commercially available US imaging system can be modified to produce a dual mode PA-US imaging system. This dual mode system can be used to acquire co-registered PA and US images of the breast, which can be potentially applied for early detection of breast cancer. Using the morphological cues provided by the US images, it is possible to localize a malignant lesion in the early stage which has already been detected by the PA image. Photoacoustic (PA) imaging systems are broadly classified into two categories, namely PA tomography and PA microscopy [34] . In PA tomography, a large-diameter pulsed laser beam is used to irradiate the tissue surface, and different US transducer arrays (planar, linear, spherical, hemispherical, circular, cylindrical) are used to scan the tissue/organ along different trajectories to collect the PA signals generated by the tissue. Grayscale 2D PA images (B scan, C scan) are formed using specific reconstruction algorithms with the acquired PA data. A schematic of the PA tomography (PAT) system for breasts cancer detection is shown in Figure 1 , which illustrates the process of PA signal generation from the breast and the process of generating grayscale PA images from the acquired PA signals. Cylindrical, circular, spherical, and hemispherical US arrays require access to major portions around the region to be imaged, so, barring a handful of cases, like small animal imaging or breast Cylindrical, circular, spherical, and hemispherical US arrays require access to major portions around the region to be imaged, so, barring a handful of cases, like small animal imaging or breast cancer imaging, these arrays are not suitable for in vivo imaging. On the other hand, planar and linear US arrays can be used widely for in vivo imaging as they can work with restricted access. In the case of in vivo breast imaging, it is not possible to use spherical US arrays, as they require access to the complete region around the organ to be imaged. In such cases, where there is restricted access, planar [35, 36] , and linear [37, 38] US arrays can be used. However, hemispherical [39, 40] US arrays were used by some researchers for breast imaging. The reconstruction algorithms are primarily different variants of back projection algorithms which are used to recover the spatially-varying PA signals generated at each location inside the tissue. In PA microscopy, the tissue/organ is illuminated using a tightly focused beam, and the PA signal is detected generally using focused single element US transducer. The tissue/organ is scanned along certain trajectories by laser beam along with the US transducer and the PA signals acquired by the US transducer are used directly to form the 2D PA images [41] . Using contrast agents, both PA imaging contrast and imaging depth can be significantly improved. In cancer detection, there are two strategies used to navigate contrast agents to the target, a passive and an active targeting strategy. In passive targeting, the physical properties of the tumor, such as enhanced permeation and retention (EPR) effect, are utilized. This facility is more prominent in xenograft tumor models than in human patients [42] [43] [44] [45] . In the active targeting strategy, molecules which have the ability to selectively bind to a particular target are used. These binding molecules or targeting moieties are conjugated with the contrast agents before administration to the organism [46] . Researchers performed animal studies using dyes, such as Indocyanine green (ICG), Methylene Blue, Evans blue, and different nanomaterials for breast cancer detection, as well as sentinel lymph node (SLN) detection.
This review paper attempts to present an in-depth analysis of the research performed so far towards the development of PA imaging technology for breast cancer detection. In some earlier research articles [25, 47] , comparative analysis of the system parameters of different PA imaging system was presented. In a review article, Menke [48] focused on the clinical studies performed with human patients using the prototypes developed until 2014 by different research groups and gave a comparative analysis of system configuration of different prototypes for breast cancer imaging, as well as their performance parameters. In another review article about the clinical application of PA imaging, Zackrisson et al. [49] summarized the recent advances of PA imaging for breast cancer based on the results of clinical studies of various research groups. Valluru et al. [50] presented a review article containing the state-of-the-art PA imaging techniques, highlighting the clinical applications of PA imaging techniques for different types of cancers. Summarizing various preclinical studies related to brain, breast, lung, prostate, thyroid, and skin cancers, Gargiulo et al. [51] described the preclinical applications of PA imaging for cancer detection using endogenous and exogenous contrast agents. Steinberg et al. [34] , presented various clinical studies performed using PA imaging. In some recent review articles [52, 53] , the state of the art PA imaging systems, as well as the clinical studies for breast cancer diagnosis using PA imaging, were reported.
Translation of any medical imaging system into clinical practice depends on its progressive development beginning with a proof of concept stage where the system is tested on numerical phantoms. Following successful proof of concept studies, the system will be tested using phantoms mimicking human tissue and in vivo animal studies. In the final stage, the system will be evaluated in carefully-designed clinical trials involving human patients. In each stage, based on the findings of the research studies, the system is modified and fine-tuned to accommodate the requirements of its ultimate usage in a clinical environment. Our review gives a complete picture of the evolution of photoacoustic (PA) imaging for breast cancer management based on the pre-clinical and clinical studies performed by several research groups. Specifically, for deep tissue applications, endogenous contrast provided by PA imaging systems is not sufficient to detect the malignancy. To see the potential of PA imaging for deep breast imaging applications, its performance has to be evaluated using exogenous contrast agents. Animal studies were performed using various contrast agents, such as dyes and nanoparticles for breast cancer detection. Our review presents the results of these animal studies using contrast agents for breast cancer detection and detection of sentinel lymph nodes (SLNs). In order to understand the potential of PA imaging using contrast agents, such as dyes and nanoparticles, in detecting SLNs, a summary of different studies reporting the utility of PA imaging with contrast agents for detecting SLNs is presented. This gives the readers a complete picture of the development of PA imaging systems for breast cancer management. The recent review articles [48, 52] only focused on clinical PA imaging studies which did not include phantom studies, animal studies using endogenous and exogenous contrast agents (dyes and nanoparticles) for breast cancer detection as well as SLN detection, ex vivo studies with human breast tissue samples.
To understand the potential of PA imaging, its performance needs to be compared with the conventional imaging techniques for breast cancer detection. This review presents a detailed comparative analysis of PA imaging systems with the conventional imaging systems used for breast cancer detection based on the clinical results reported by different research groups. Spectroscopic PA imaging can be used to measure the concentration of different light-absorbing elements, like oxyhemoglobin, de-oxy hemoglobin, melanin, lipid, etc., present in soft tissue. This will enable us to estimate the oxygen saturation, total hemoglobin, lipid content, etc., in order to differentiate between different breast pathologies (normal, hyperplasia, DCIS and IBC). In order to explore the potential of spectroscopic PA imaging systems, this review presents a summary of spectroscopic PA imaging studies performed by different research groups. From the literature, it was found that PA imaging can be used to monitor the efficacy of anti-cancer treatments, such as chemotherapy or molecular targeting therapies, through changes in the PA images of tumor-related blood vessels. Few studies reported the potential of PA imaging for breast cancer treatment monitoring and these reported results are summarized in this review. Along with providing a detail comparative analysis of the system parameters of the different PA imaging systems used by the different research groups until 2019, this review attempts to present the clinical evidence in support of using PA imaging for breast cancer detection. Highlights of this review are summarized in Table 1 . Table 1 . Highlights of the presented review.
Based on the study results reported by various research groups beginning from 1997 to 2019, this review provides:
•
A complete picture of the evolution of photoacoustic (PA) imaging for breast cancer management.
A detailed comparative analysis of PA imaging with other conventional imaging techniques used for breast cancer detection.
Answers to the issues related to the role and utility of PA imaging technology for the detection and diagnosis of breast cancer.
The utility of spectroscopic PA imaging studies to differentiate between different breast pathologies.
The potential of PA imaging technology for breast cancer treatment monitoring.
This review paper is organized in the following manner: 'Methods' describes the list of various databases for the literature search, the search keywords and search period. 'Results' summarizes the results of the search mentioned in Methods section, and it provides a comprehensive overview of the research work performed by different research groups towards the utilization of PA imaging technology for the management of breast cancer. It is divided into four subsections containing the details of phantom studies, animal studies, ex vivo and in vivo studies with human patients, while animal studies are further divided into groups containing the results of studies with endogenous and exogenous contrast agents (including imaging of SLNs). 'Discussion' compares the configuration details as well as system parameters of different PA imaging systems developed by various research groups. It also provides a detailed discussion on the potential of the clinical use of PA imaging technology for breast cancer detection relative to the conventional imaging modalities, like US imaging, X-ray mammogram, and MRI, based on the results of in vivo studies conducted so far. The last section, 'Conclusion', highlights future research work, required for the translation of the technology from the laboratory environment to clinical practice.
Methods
The initial search was conducted through electronic databases Web of Science, PubMed, IEEE, and Nature. Initially, a search was performed using the keyword 'Breast Imaging' which resulted in a huge number of articles (more than 125,917) ( Table 2) . To make the search more targeted, the keywords 'Photoacoustic Imaging', 'Optoacoustic Imaging', and the phrases 'Photoacoustic Imaging for breast cancer', 'Optoacoustic imaging for breast cancer' were used. During the initial search, it was found that Esenaliev et al. [54] pioneered the concept of applying PA imaging for breast cancer detection, and they conducted a phantom study to support the concept. All searches were conducted for a time period of 1997-2019. 
Results
The search of the databases mentioned above yielded a total of 924 research articles. After going through the abstracts of these articles, a total of 167 articles which contained the results of studies related to PA imaging of cancers other than breast were excluded. Around 38 articles which were related to breast cancer detection using imaging modalities other than PA imaging were excluded. A total of 142 articles related to the PA imaging systems without application to any cancer and another 84 articles which were neither related to PA imaging nor breast cancer were excluded. The detailed search statistics of each of the databases were summarized in Table 2 . The duplicates were eliminated from the remaining articles. Among the remaining, articles reporting the results of those studies which were approved by either an ethics committee or the institutional review board and had informed consent wherever appropriate, were considered. Finally, we selected 66 articles, which contained the results of the studies related to breast cancer detection using PA imaging for this review. Among these 66 articles, 20 articles focused on the PA imaging of SLNs.
Description of Studies
It was found from the literature search that a few research groups have been working on utilizing PA imaging for breast cancer detection for the last two decades. The performance of their PA imaging systems for breast cancer detection has been evaluated progressively, beginning with the study on breast tissue-mimicking phantoms. Once the phantom studies were successful, the research groups further proceeded to perform ex vivo as well as in vivo studies with animals. Eventually, some of the research groups performed clinical studies with human patients and reported their observations comparing their results with that of other clinically approved medical imaging modalities like X-ray mammogram, US imaging, and MRI. Prior to proceeding in vivo studies with human patients, some groups performed ex vivo studies with freshly excised breast tissue specimens obtained after mastectomy. This review paper tries to provide a comprehensive account of the chronological, as well as the technological progress of the research related to PA imaging for the early detection of breast cancer.
Phantom Studies
It was found from the literature that during 1997-2016, several research groups have performed phantom studies to understand the potential of PA imaging for breast cancer detection. In 1997, the research group headed by Oraevsky [54] performed the first phantom study to evaluate the capability of PA imaging for breast cancer detection. In 2005, research groups led by Manohar [59] and Wang [60] performed phantom studies using PA imaging for breast cancer detection. Later on, other research groups performed phantom studies using PA imaging for breast cancer detection. Details of these studies were given below.
Esenaliev et al. [54] reported the usefulness of photoacoustic imaging for breast cancer detection using a phantom study. They successfully visualized small spherical tumor phantoms of 2 mm diameter which are located within the bulk collagen gels at a depth of up to 60 mm within breast phantoms of 100 mm thick. Oraevsky et al. [61] built the first PA imaging system-laser optoacoustic imaging system (LOIS)-which could be used for breast cancer detection in a clinical environment. This imaging system was operated at a single wavelength 1064 nm, contained a 12-element linear array US transducer. Using this system, gel spheres of 8 mm diameters were detected at a depth of 50 mm inside breast tissue-mimicking phantom. Using LOIS-02, in which the linear transducer array of 12 elements of the LOIS system was replaced by a 32 element arc-shaped transducer array, Andreev et al. [62] successfully detected tumors of size 2 mm into the 6 cm deep breast tissue-mimicking phantoms. The Bandwidth of the US transducer was in the range from 20 kHz to 2 MHz. The in-depth resolution and lateral resolution of this system were 0.4 mm and 1-2 mm depending on the position of the tumor relative to the transducer array. In another modification of the LOIS system, Oraevsky et al. [63] used a 32-element arc-shaped polyvinylidene fluoride (PVDF) transducer array for PA wave detection. This system successfully detected blood vessels of 2 mm (diameter) at a depth of 7.5 cm inside the breast tissue-mimicking phantoms. Oraevsky et al. [64] performed another phantom study with LOIS system in which PA images were acquired at two different wavelengths, 757 nm and 1064 nm, and the acquired PA data were used to calculate oxygen saturation (SO 2 ) of blood. Ermilov et al. [65] developed a new version of LOIS system, named LOIS-128 in which a linear US transducer array of 128 elements with a system cutoff frequency of 4 MHz was used to detect PA waves. They claimed that LOIS-128 was capable of continuous planar imaging of small tumors (less than 1 cm) at depths of more than 6 cm inside the tissue. Ermilov et al. [66] developed and used the LOIS-64 system which contained US transducers in the form of an arc-shaped array of 64 elements with bandwidth up to 2.5 MHz to acquire PA images of breast phantoms and achieved a spatial resolution of 0.5 mm.
Manohar et al. [59] developed a PA mammography system, 'Twente PAM', which contained a laser light delivery system at 1064 nm and a flat US detector matrix of 590 elements. The central frequency of US detector was 1 MHz with a bandwidth in the range from 0.45 MHz to 1.78 MHz. This system was capable of imaging inhomogeneities of 2 mm diameter at depths up to 32 mm with an axial resolution of 3.5 mm. Using Twente PAM, Jose et al. [67] imaged breast tumor vasculature inside Polyvinyl Alcohol (PVA) breast phantom. The lateral resolution of the US detector was in the range 2.5 mm to 3.9 mm and an axial resolution was in the range from 2.3 mm to 3.9 mm. Xia et al. [68] developed a 3D photoacoustic full breast tomography system and evaluated its performance using tissue-mimicking phantoms. US transducer was a linear array of 8 elements with 0.6 MHz center frequency and 75% bandwidth. The field of view (FOV) and penetration depth of the system were 170 × 170 × 170 mm and 40 mm, respectively, while its spatial resolution was 2 mm in XY plane and 6 mm along the Z axis.
Combining thermoacoustic (TA) imaging with PA imaging, Ku et al. [60] developed a dual mode imaging system to detect lesions and objects deeply situated in biological tissues. Their PA imaging system contained four US transducers with different central frequencies of 2.25 MHz, 3.5 MHz, 5 MHz, and 10 MHz and all with bandwidths ranging from 50% to 80% of the corresponding central frequencies.
Using PA images acquired at 1064 nm with a 3.5 MHz cylindrically focused US transducer, their system was able to detect blood objects embedded in chicken breast muscle up to a depth of 5 cm. Pramanik et al. [69] developed a multimodal breast cancer imaging system containing TA and PA imaging systems. PA images of breast-tissue mimicking phantoms were acquired at 1064 nm using two US transducers of 13 mm and 6 mm diameter active area. The central frequency of these US transducers was 2.25 MHz, and their resolution was reported to be approximately 0.7 mm. Ke et al. [70] developed a tri-modality imaging system by integrating PA and TA imaging in a modified commercial ultrasound scanner, and it was tested on a chicken breast tissue. PA images were acquired at 650 nm using a US transducer phased array consisting of 80 elements with a frequency band of 1 to 5 MHz. Maximum penetration depth achieved with this system was 6.6 cm at a signal to noise ratio (SNR) nearly equal to 24 dB. The axial resolution of the PA imaging system was 640 µm, and the lateral resolution was in the range from 720 µm to 2 mm, whereas the best elevation resolution achieved with this system was 3.5 mm.
Ye et al. [71] developed a 3D PA imaging system in line confocal mode which used a 64 element linear US transducer array with a central frequency of 7.5 MHz and 70% bandwidth to detect the PA signals. Using a phantom containing carbon points, they found an improved spatial resolution of the PA imaging system when it was operated in the confocal mode.
Xi et al. [72] combined PA imaging system with diffuse optical tomography (DOT) system to develop a hybrid imaging system for breast cancer detection. US transducer consists of a ring-shaped array of 64 elements with frequency response from 380 KHz to 1.48 MHz, and maximum frequency response was up to 2 MHz. They reported that the spatial resolution of the PA imaging system used in this study was~0.5 mm. This system was tested on a tumor (removed from a rat bearing a 4T1) of 3.5 mm in radius embedded in the phantom background. The absorption image of PA imaging system estimated the size of the tumor as 3 mm in radius.
Kruger et al. [73] developed a photoacoustic imaging system for breast cancer with a spherical detector aperture along which 512 US detectors were arranged. The center frequency of the US detector was 2 MHz with a 70% bandwidth. Using suitable phantoms, they showed that the imaging system could clearly visualize a target up to a depth of 53 mm inside tissue with a minimum spatial resolution equal to 0.42 mm Bharathiraja et al. [74] employed a photoacoustic tomography system at 800 nm wavelength using a 10 MHz single element focused US transducer to image astaxanthin-mediated gold nanoparticles (Atx-AuNPs)-treated breast cancer cells in a gelatin-based phantom mimicking biological tissue.
Details of various materials used to mimic breast tissue, tumors/blood vessels/targets in phantoms of the above phantom studies were summarized in Table 3 . Table 3 . Details of materials used for breast tissue, tumor and blood vessels in phantom studies.
Phantom Study Materials Mimicking Breast Tissue

Materials Mimicking Tumor/Blood Vessel/Target
Esenaliev et al. [54] 10% gelatin (bulk collagen gels) 1064 nm (µ a = 0.11 cm −1 , µ s = 2.92 cm −1 )
Gel spheres colored with the bovine hemoglobin (µ a = 0.75 cm −1 )
Oraevsky et al. [61] 10% gelatin (µ a = 0.13 cm −1 ) Gel spheres colored with the bovine hemoglobin Andreev et al. [62] Gelatin Gel spheres colored with the bovine hemoglobin (µ a = 1.0 cm −1 )
Oraevsky et al. [63] Gelatin Blood vessels filled with rat blood (µ a varies from 0.8 to 4.0 cm −1 ) Table 3 . Cont.
Phantom Study Materials Mimicking Breast Tissue
Materials Mimicking Tumor/Blood Vessel/Target
Oraevsky et al. [64] 10% gelatin (µ a = 0.13 cm −1 ) Polyethelene tubes filled with the blood of sheep (µ a in the range of 0.45 to 1.0 cm −1 ). 
Animal Studies
Animal studies performed by some research groups without using any contrast agents were described here under the subsection 'Endogenous contrast agents'. In 2009, the research group headed by Manohar [67] performed PA imaging studies on animals for breast cancer detection without using any exogenous contrast agents, and then after five years, the research group of Wilson et al. [75] performed spectroscopic PA imaging studies on animals for breast cancer detection. Some studies on animals by different research groups involving external contrast agents were described under the subsection 'Exogenous contrast agents' which also includes the studies performed on animals with external contrast agents to detect SLNs. Many animal studies were performed by the research group headed by Wang during the period from 2008 to 2012 using PA imaging for SLN mapping using dyes and nanomaterials. Later on, during 2013-2017, we found similar studies were performed by other research groups. During the period 2013-2017, several research groups performed PA imaging studies on animals with exogenous contrast agents such as nanomaterials and dyes for breast cancer detection.
Endogenous Contrast Agents
Jose et al. [67] used the Twente PA Imaging system at the 1064 nm wavelength on a rat model to visualize the vasculature development from the early stages of tumor growth. They showed that using PA imaging, the tumor neovascularization could be monitored without sacrificing the animal, which established PA imaging as a promising new tool in tumor angiogenesis research. Wilson et al. [75] performed in vivo spectroscopic PA imaging with a transgenic mouse model to evaluate the feasibility of differentiating among different breast pathologies (normal, hyperplasia, DCIS, IBC), in terms of oxygen saturation, total hemoglobin content and lipid content. Spectroscopic PA imaging of this study resulted in the increased oxygen saturation of hyperplasia (50.6%), DCIS (43.0%), and IBC (46.2%) as compared to normal glands (35.5%), whereas both the total hemoglobin and lipid content significantly decreased with advancing histology.
Exogenous Contrast Agents
Zhang et al. [76] performed PA imaging at 820 nm in a mouse model to evaluate the feasibility of using non-fluorescent nanodiamond as PA imaging contrast agents for effective HER2 positive breast cancer detection. Balasundaram et al. [77] performed an in vivo PA imaging study with folate-conjugated polymer (CP) dots as contrast agents in xenograft mice models and they demonstrated that after 1 h of the injection of the contrast agents, the Folate-CP dots accumulated into the tumor site produced fourfold contrast-enhanced PA signal as compared to PA signals produced by CP dots.
In an in vivo study with female Balb/c mice, Xiao et al. [78] acquired PA as well as fluorescence images of subcutaneous 4T1 tumors using melanin carbonaceous dots (MCDs) as contrast agents. Xia et al. [79] performed an in vivo PA imaging study with nude mice using biodegradable nanomaterial liposome-encapsulating ammonium bicarbonate (NH 4 HCO 3 ) as a PA contrast agent. Wilson et al. [80] used antibody indocyanine green (ICG) conjugates in the spectroscopic PA imaging of transgenic murine breast cancer model to distinguish malignant breast tissue and normal breast tissue in mice.
Song et al. [81] initially performed an in vivo PA imaging on a rat model with methylene blue as a contrast agent and identified SLNs from the acquired PA images. They continued this study with gold (Au) nanocages [82] as contrast agents to detect SLNs and observed improved performance over methylene blue, especially these contrast agents eliminated the requirement of invasive axillary staging procedures. In addition to SLN mapping in rats with gold nanorods as contrast agents, they performed spectroscopic PA imaging at three wavelengths 757 nm, 807 nm, and 820 nm [83] to eliminate the need for acquiring control image before the injection of gold nanorods. Further, they performed 3D PA imaging on mice and rats with the use of Evans blue dye [84] and with the acquired high-speed (~0.2 Hz frame rate) 3D PA images, they monitored the dynamic accumulation and clearance of the dye into SLNs. Pramanik et al. [85] performed in vivo PA imaging on a rat model with single-walled carbon nanotubes (SWNT) as a contrast agent and identified SLNs from the acquired PA images. Pan et al. [86] performed PA imaging to detect SLNs using gold nanobeacons (GNBs) as contrast agents in a rodent model. Akers et al. [87] performed in vivo PA imaging on a rat with perfluorocarbon (PFC) nanoparticles loaded with NIR dye PPCy-C8 as a contrast agent and successfully detected lymph nodes. Kim et al. [88] performed in vivo PA imaging on a rat with methylene blue as a contrast agent and visualized SLNs, and accomplished PA image-guided needle insertion into the rat SLN with the use of methylene blue. They continued this study with ICG as a contrast agent [89] and successfully visualized SLNs and lymphatic vessels. Further, they [90] employed a handheld PA probe on a rat with the help of ICG as a contrast agent and, in addition to SLN mapping, they successfully achieved PA image-guided needle-insertion into the axillary lymph nodes of the rat. Erpelding et al. [91] performed in vivo PA imaging on rats with methylene blue as a contrast agent and with the acquired 3D PA images, they dynamically visualized the flow of methylene blue through lymph vessels to the SLNs. Pan et al. [92] performed in vivo PA imaging on a rodent model using PA Tomography (PAT) system with copper neodecanoate nanoparticles as contrast agents and detected SLNs.
Luke et al. [93] performed the real-time US and PA imaging for SLN mapping in a mouse model with the help of silica-coated gold nanoparticles (Si-AuNPs). Grootendorst et al. [94] performed PA imaging on rats with the use of super-paramagnetic iron oxide nanoparticles (Endorem) as a contrast agent. Through PA scans, they visualized the accumulation of these nanoparticles in the lymph nodes, which enabled them to differentiate between normal lymph node and metastatic lymph node. Liu et al. [95] performed in vivo PA imaging on a rat model with copper selenide nanocrystals (Cu 2-x Se NCs) as a contrast agent and achieved SLN mapping. Koo et al. [96] performed in vivo PA imaging on a rat using their PA imaging system with the use of single-walled carbon nanotubes (SWNTs) conjugated with ICG as a PA contrast agent and clearly visualized SLNs. Lee et al. [97] performed in vivo dual-color PA imaging with nano-formulated napthalocyanines (nanonaps) on rats and successfully visualized rat's lymph nodes buried inside 10 mm thick layer of chicken breast. Yang et al. [98] performed in vitro and in vivo studies using their dual modality PA-US system with carbon nanoparticles added with liquid-gas phase-transition nanodroplets (CNPs) as contrast agents produced excellent contrasts for PA-US imaging. They claimed from the results of this study that these CNPs are highly capable as the theranostic agents in SLNs detection as well as in the therapy of metastatic lymph nodes. Sivasubramanian et al. [99] performed an in vivo study on a rat using a dual PA-US imaging system. The results of their study demonstrated the utility of methylene blue dye in detecting the SLNs, as well as in minimally invasive real-time needle guidance. Cha et al. [100] performed an in vivo study on a rat using a PA imaging system with a silica-coated silver bumpy nanoshell probes as a contrast agent and detected SLNs of rats from the acquired PA images.
Details of animal studies performed using exogenous contrast agents for breast cancer detection as well as SLN detection are summarized in Table 4 . It was observed from the literature that the research group of G. R. Kim [101] in 2014 and the research group headed by LV Wang [102] in 2017 performed ex vivo studies on excised breast specimens using PA imaging. Kim et al. [101] performed an ex vivo PA imaging study with 21 excised breast specimens at 700 nm and 800 nm, and they were able to distinguish breast microcalcifications using the PA Images. Wong et al. [102] developed and optimized UV-photoacoustic microscopy of breast tissues and this system could generate images that were comparable in quality to that of conventional histology.
In Vivo Studies
In 2007, the research group of Manohar [103] performed in vivo PA imaging studies on human breast cancer patients. Later on, in 2009, the research group headed by Oraevsky [66] , performed in vivo studies on human patients using PA imaging for breast cancer detection. During 2012-2015, the largest clinical study on 2105 patients was performed by the research group of Neuschler [37, 38] using the dual mode PA-US imaging system (IMAGIO) for breast cancer detection, and in 2016, they performed another in vivo study using the same system for breast cancer detection. In 2018, the research group of Menezes [104, 105] reported their study results on 209 patients using the dual mode PA-US imaging system (IMAGIO) for breast cancer detection. In 2013, Kruger's research group [73] performed an in vivo study on human patients using PA imaging. During 2015-2018, the research group headed by Wang [106, 107] performed two in vivo studies on human patients using PA imaging. Research group of Toi [39, 47, 108, 109] reported four in vivo studies during 2014-2017 on human patients using PA imaging during 2014-2017 and in 2015, the research group of Li [110] performed an in vivo study using functional PA imaging system for breast cancer detection.
Details of these studies performed by each research group are summarized below.
In a pilot clinical study conducted with the PA imaging system involving 27 patients, Ermilov et al. [66] successfully visualized 18 out of 20 malignant lesions suspected from the X-ray and the US images. Their findings were confirmed by the biopsy procedure, performed after the PA image acquisition. Zalev et al. [111] developed Imagio TM breast imaging system with a specialized duplex handheld probe by fusing a functional PA imaging with a gray-scale ultrasound. This system was tested on 74 breast masses and found that this system could provide better specificity and equal sensitivity as compared to conventional US imaging. Another pilot study was conducted by the same group involving the first 100 subjects from a multi-center pivotal study of Imagio TM system. The results of this study indicated that the number of all negative biopsies could be potentially reduced by 21.4%. Neuschler et al. [37, 38] performed a multi-center pivotal study during 2012-2015 involving 2105 women with 2191 breast masses using their dual mode PA-US imaging system (IMAGIO). From the 2191 masses, 210 masses were excluded due to technical failures/incomplete imaging, 78 masses were excluded due to protocol deviations, 43 masses were excluded due to high-risk histologic results along with 103 masses were excluded as they were utilized as training population. Finally, they have included only 1690 women with 1757 breast masses (benign cases: 1079 and malignant cases: 678) in their study analysis. From the results of their study, they claimed that the diagnostic specificity of the dual mode PA-US imaging system was improved 14.9% over the internal US imaging system alone. The study results support the utility of dual mode PA-US imaging system as a potential device for improving diagnostic performance of breast mass assessment. The dual mode PA US imaging technology can potentially improve specificity in differentiating between malignant and benign breast masses, which can reduce the number of benign breast mass biopsies as well as false-positive examinations. Neuschler et al. [112] performed a multicenter in vivo study with their dual mode PA-US imaging system on 94 breast masses. They found that the dual mode system showed 7.9% improvement in specificity compared to their US imaging system, whereas the sensitivities of both PA-US, as well as only the US system, were 97.1%. Menezes et al. [104, 105] performed a multicenter study during 2015-2016 using a dual mode PA-US imaging system on 215 breast masses which, prior to dual mode imaging, were assigned to specific BI-RADS categories based on the US imaging alone.
They reported that 60 benign masses were correctly downgraded to a lower BI-RADS category using their dual mode PA-US imaging system. Menezes et al. [113] performed a dual-mode PA-US imaging in addition to internal gray-scale US imaging on 67 malignant breast masses. They used PA-US features to differentiate between breast cancer molecular subtypes. Dogan et al. [114] performed a detailed analysis on dual-mode PA US images of 532 IBC lesions of 519 patients from the PIONEER study. They correlated PA-US features with breast molecular subtypes.
In a small preclinical study, Manohar et al. [103] evaluated the performance of their Twente PAM on six patients at 1064 nm. Out of the results presented in their report, one result indicated malignancy in the breast, which was not indicated by X-ray mammography and US imaging. Using the same system, Jose et al. [67] successfully located the tumors in the in vivo PA images of two patients. Piras et al. [115] performed in vivo study on three patients, two of them suffered from IDC, and one had a benign cyst. Their results showed that they successfully detected malignancies in the two cases with IDC, while the PA images of the patient with cyst did not produce any significantly strong PA signals corresponding to the benign pathology. In vivo PA imaging was conducted by Heijblom et al. [116] with Twente PAM for a patient with IDC where the malignant lesion was successfully located and visualized. In another in vivo study, performed by the same group [117] on ten patients with breast malignancy and two patients with a cyst, the results showed that the PA contrast generated by malignant pathology exceeded the corresponding X-ray contrast, whereas the two cases of cysts did not produce any significantly strong PA signals corresponding to benign pathology. In another study [36] on four patients with cysts, the results showed that appearances of cysts in the PA images acquired at a single wavelength were similar to that of malignancies. Heijblom et al. [25] used Twente PAM for the first time to relate tumor vascularization with the PA appearances of malignancies. From the study on a small patient population, they found that there were three specific types of PA lesion appearances-'mass', 'non-mass', and 'ring'. According to the researchers in these studies [25, 118] , 'mass' is a 3D lesion within the breast. It appears as a narrow region with high intensity. This region can be spatially homogenous or heterogeneous as well as of regular (round, oval, or lobulated) or irregular shape with vascularity spread over the entire lesion. 'Non-mass' appearance consists of a scattered region with multiple moderate to high-intensity foci, completely different in appearance from that of the surrounding healthy tissue. Vascularity was scattered over the entire lesion. 'Ring' appearance points to a high intensity region surrounding either partially or completely a region of low intensity. Vascularity was observed throughout the lesion while it was more pronounced at the border. Further, they [25] found that there was an excellent correspondence in lesion location identified by both PA and MRI and a reasonably good correlation in lesion shape and appearance. They also found that the lesion shape and appearance in PA images were in good correlation with standard histopathology. In their recent in vivo study on 33 breast malignancies with Twente PAM, Heijblom et al. [35] found that 32 malignancies appeared with high imaging contrast and was independent of radiographic breast density. Among these lesions, four representative cases of which two patients with IDC, one patient with mucinous carcinoma (MC), and 1 patient with ILC whose X-ray mammograms, PA images overlaid on X-ray mammograms and the PA volumes in the region of lesion interest are shown in the Figure 2 . The lesions in PA volumes were perfectly localized with X-ray mammograms. These lesions appeared with high contrast in PA images and the lesions located at depths more than 20 mm were visualized on PA images with high contrast. Kruger et al. [73] developed a 3D PA imaging system at 756 nm using a spherical detector aperture with 512 detectors with rectilinear scanning. They claimed that the system parameters of this 3D breast imaging system were sufficient enough to accommodate up to 90% of the breast volumes in the United States.
Garcia-Uribe et al. [107] developed a dual-modality PAT-US Imaging system at 650 nm and 1064 nm and tested its performance on sixteen patients. They found that clinically negative nodes in the axilla were observed in twelve patients, and clinically positive lymph nodes were observed in four patients. Their dual mode PA-US imaging system acted as a real-time imaging technology for SLN biopsy (SLNB) in locating the SLN first and then guiding the needle for lymph node sampling. As Kruger et al. [73] developed a 3D PA imaging system at 756 nm using a spherical detector aperture with 512 detectors with rectilinear scanning. They claimed that the system parameters of this 3D breast imaging system were sufficient enough to accommodate up to 90% of the breast volumes in the United States.
Garcia-Uribe et al. [107] developed a dual-modality PAT-US Imaging system at 650 nm and 1064 nm and tested its performance on sixteen patients. They found that clinically negative nodes in the axilla were observed in twelve patients, and clinically positive lymph nodes were observed in four patients. Their dual mode PA-US imaging system acted as a real-time imaging technology for SLN biopsy (SLNB) in locating the SLN first and then guiding the needle for lymph node sampling. As shown in Figure 3a ,b, the respective US and PA images revealed the SLN and the needle used to insert the titanium marking clip. Figure 3c shows the co-registered PA-US image, which revealed the capability of this dual mode technology to locate the lymph nodes through anatomical features provided by US image as well as to verify the lymph node as sentinel through the PA image. The experimental results of this study showed that this system could detect SLNs and lymphatic vessels using methylene blue dye and also it could eliminate the need for invasive axillary staging procedures. Lin et al. [106] developed a 3D PA imaging system using a full ring 512-element ultrasonic transducer array, and conducted a pilot study on eight patients with this system. In one patient, they could detect a tumor, which was located at a depth of~32 mm. The spatial resolution of this system was 255 µm while the scanning time, which was approximately 15 s, was within a single breath. This system acquired images of seven breast cancer patients with breast sizes ranging from B cup to DD cup, which could accommodate 99% of the U.S. population.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 30 shown in Figure 3 (a, b) , the respective US and PA images revealed the SLN and the needle used to insert the titanium marking clip. Figure 3c shows the co-registered PA-US image, which revealed the capability of this dual mode technology to locate the lymph nodes through anatomical features provided by US image as well as to verify the lymph node as sentinel through the PA image. The experimental results of this study showed that this system could detect SLNs and lymphatic vessels using methylene blue dye and also it could eliminate the need for invasive axillary staging procedures. Lin et al. [106] developed a 3D PA imaging system using a full ring 512-element ultrasonic transducer array, and conducted a pilot study on eight patients with this system. In one patient, they could detect a tumor, which was located at a depth of ~32 mm. The spatial resolution of this system was 255 µm while the scanning time, which was approximately 15 s, was within a single breath. This system acquired images of seven breast cancer patients with breast sizes ranging from B cup to DD cup, which could accommodate 99% of the U.S. population. Kitai et al. [108] evaluated the performance of their prototype machine (PAM-01) at 1064 nm, 825 nm, 797 nm, and 756 nm on 27 breast cancer lesions. From the measurements, they found that this system could give images of tumor vasculature and oxygenation, which could not be obtained either with X-ray mammography or US imaging. They also found that the PAM tumor images were comparable to that of MRI at relevant depths. Using the same prototype machine (PAM-01), Fakhrejahani et al. [109] successfully visualized 29 out of 39 lesions. They claimed that the vascular and oxygenation data obtained by this system represent a new, non-invasive imaging method that could potentially provide functional features of breast tumors. Asao et al. [47] developed a second generation prototype PAM (PAM-02) at 756 nm and 797 nm to simultaneously acquire PA and US images. They found that, unlike PAM-01, PAM-02 exhibited better PA image quality and improved spatial resolution from 2 mm to 1 mm. Toi et al. [39] developed a PA imaging system (PAM-03) at 755 nm and 795 nm with a hemispherical detector array and tested its performance on 22 malignant cases. High-resolution 3D images obtained with this system showed finer vasculature. They adopted a technique in which the PA image was fused with the deformed MRI, and this fused image enabled precise visualization of tumor location. A comparison of PA and MR images of a healthy breast is shown in Figure 4 . As shown in the fused PA-MR image (Figure 4c) , the blood-vessel structures and morphological characteristics of the PA images were more detailed than MRI. 'More detailed' here refers to finer vasculature, more detailed blood vessel branching structures, and more detailed morphological vessel characteristics. Kitai et al. [108] evaluated the performance of their prototype machine (PAM-01) at 1064 nm, 825 nm, 797 nm, and 756 nm on 27 breast cancer lesions. From the measurements, they found that this system could give images of tumor vasculature and oxygenation, which could not be obtained either with X-ray mammography or US imaging. They also found that the PAM tumor images were comparable to that of MRI at relevant depths. Using the same prototype machine (PAM-01), Fakhrejahani et al. [109] successfully visualized 29 out of 39 lesions. They claimed that the vascular and oxygenation data obtained by this system represent a new, non-invasive imaging method that could potentially provide functional features of breast tumors. Asao et al. [47] developed a second generation prototype PAM (PAM-02) at 756 nm and 797 nm to simultaneously acquire PA and US images. They found that, unlike PAM-01, PAM-02 exhibited better PA image quality and improved spatial resolution from 2 mm to 1 mm. Toi et al. [39] developed a PA imaging system (PAM-03) at 755 nm and 795 nm with a hemispherical detector array and tested its performance on 22 malignant cases. High-resolution 3D images obtained with this system showed finer vasculature. They adopted a technique in which the PA image was fused with the deformed MRI, and this fused image enabled precise visualization of tumor location. A comparison of PA and MR images of a healthy breast is shown in Figure 4 . As shown in the fused PA-MR image (Figure 4c) , the blood-vessel structures and morphological characteristics of the PA images were more detailed than MRI. 'More detailed' here refers to finer vasculature, more detailed blood vessel branching structures, and more detailed morphological vessel characteristics. Li et al. [110] evaluated the feasibility of functional PAT at 733 nm, 775 nm, and 808 nm for highresolution detection and characterization of breast cancer on six lesions. All the six breast lesions were successfully detected by this system and the results were consistent with that of MRI reports. Out of the six, five cancer cases were consistent with that of final pathology findings.
Discussion
Several research groups have been working on PA imaging for breast cancer for the last two decades, towards translation of PA imaging for breast cancer detection from the laboratory environment to the clinical domain. Table 5 summarizes the configuration of the latest version of the PA imaging systems used by different research groups or details of systems used by the research group for a major in vivo study. It also summarizes the corresponding performance details in terms of resolution, penetration depth, and field-of-view. Li et al. [110] evaluated the feasibility of functional PAT at 733 nm, 775 nm, and 808 nm for high-resolution detection and characterization of breast cancer on six lesions. All the six breast lesions were successfully detected by this system and the results were consistent with that of MRI reports. Out of the six, five cancer cases were consistent with that of final pathology findings.
Several research groups have been working on PA imaging for breast cancer for the last two decades, towards translation of PA imaging for breast cancer detection from the laboratory environment to the clinical domain. Table 5 summarizes the configuration of the latest version of the PA imaging systems used by different research groups or details of systems used by the research group for a major in vivo study. It also summarizes the corresponding performance details in terms of resolution, penetration depth, and field-of-view. 
Comparison of PA Imaging with Other Imaging Modalities
To evaluate the potential of the PA imaging to detect breast cancer, it is essential to compare the performance of PA imaging with that of the existing imaging modalities. In this section, the performance of PA imaging for breast cancer detection is compared with that of X-ray, US, and MR imaging, using the results of the in vivo studies involving PA imaging.
PA Imaging Versus X-ray Mammography and US Imaging
The most commonly used imaging modalities for breast cancer screening or detection are X-ray mammography and US imaging. As mentioned earlier, the research groups of Heijblom et. al. [35, 117] , Zalev et al. [111] , Neuschler et al. [37] , Lin et al. [106] , and Kitai et al. [108] compared the results of PA imaging with that of X-ray as well as US imaging. Heijblom et al. [117] showed that the PA contrast generated by malignant pathology exceeded the corresponding X-ray contrast. They identified [35] 3 cases among a total of 32 cases, for which the lesions could not be detected using X-ray mammogram while the same lesions appeared with high contrast in the corresponding PA images. They observed that in the case of X-ray mammogram, the contrast of lesions in high-density breasts was lower than those in the low-density breasts while they could not find any significant difference in the average contrast of lesion PA images between the high-density and low-density breasts. According to their results, the deviation of the average size of the lesion detected in PA mammography with respect to the corresponding histopathology was 28% whereas, in X-ray mammography, it was 34%. In a pilot study involving eight patients, with a 3D PA imaging system, Lin et al. [106] detected tumors which were not clearly distinguishable with X-ray mammograms for two patients. From these studies, it was observed that PA imaging could be effectively used to visualize the tumors in radiographically dense breasts and occult lesions, which were not clearly identified with X-ray mammograms. For breast cancer detection using PA imaging, the contrast of the tumor is due to the difference in concentration of different forms of hemoglobin (primarily deoxygenated hemoglobin (Hb) and oxygenated hemoglobin (HbO 2 )) between tumor and background tissue, which is independent of the mammographically-estimated breast density [117] . The malignant tumors are having higher total hemoglobin concentration and lower oxygen saturation as compared to background breast tissue. PA imaging provides tumor vasculature and oxygenation, which cannot be obtained by X-ray mammogram [108] .
As far as US imaging is concerned, Heijblom et al. [35] found that out of the 31 patients, for one patient the malignant lesion could not be detected using US image whereas it appeared with high contrast in the corresponding PA image. The average size deviation of the lesion detected using PA imaging with respect to the corresponding histopathology was 28%, whereas, in the case of US imaging, it was 18%. Kitai et al. [108] acquired in vivo images of 27 breast cancer lesions and concluded that information regarding the tumor vasculature and oxygenation could be obtained from PA images while US or X-ray imaging could not provide similar information. Zalev et al. [111] found that their Imagio TM breast imaging system provides better specificity and equal sensitivity as compared to conventional US imaging. Neuschler et al. [37] performed a multi-center pivotal study with their dual mode PA-US imaging system, and from the results of their study, they claimed that the diagnostic specificity of the fused PA-US imaging system was improved 14.9% over the internal US imaging system alone. US is one of the most common imaging modalities which has been widely used by radiologists for decades, while PA imaging is an emerging imaging modality. Due to the high cost of the nanosecond duration pulse laser, the cost of PA imaging system is higher than the US imaging system. However, as both PA imaging and US imaging share the common detector technology, almost all the PA imaging systems can be used as dual mode PA US imaging systems to exploit the advantages of both PA and US imaging. To develop a PA imaging system, only the nanosecond duration pulsed laser is to be added with an existing US imaging system and since US imaging has a widespread use in present day healthcare, in exchange of the price of the nanosecond pulsed laser, a dual mode PA US imaging system can be easily developed.
PA Imaging Versus MRI
When X-ray mammography produces conflicting inference with that of the US image, MR imaging was performed before referring the patient for biopsy procedure [10] . MRI provides better sensitivity than X-ray mammogram or US imaging for breast cancer detection [15] . Heijblom et al. [25] , Kitai et al. [108] , Toi et al. [39] , and Li et al. [110] compared the performance of the PA imaging with that of the MR images acquired of the same patients. For a total of 11 patients, Heijblom et al. [25] observed the excellent correspondence between PA images and MR images in terms of lesion localization, lesion shape, and appearance. They observed [35] that the average size deviation of the lesion detected in PA imaging with respect to the lesions detected in histopathology was 28% whereas, in MRI, it was 65%. Kitai et al. [108] acquired in vivo PA images of 27 breast cancer lesions and concluded that PA images of the tumors were comparable to the corresponding MR images at relevant depths. Toi et al. [39] acquired high-resolution in vivo 3D PA images of breast cancer lesions, and they observed that the blood vessel structures and morphological characteristics of these images were more detailed than those observed in the corresponding MR images. These study results suggest that the contrast was better, as the small blood vessels and their branching structures were more clearly visible in PA images than MR images. Li et al. [110] detected six breast lesions using functional PA imaging and matched the results with that of the corresponding MR images. A retrospective study performed by Raikhlin et al. [121] on 650 high-risk women undergone 806 MRI and X-ray mammography screening rounds reported that breast MRI was more sensitive than X-ray mammograms (92.3% vs. 30.8%) while the specificity provided by breast MRI was less than the X-ray mammograms (85.9% vs. 96.8%). High sensitivity of breast MRI results in more false positive findings than X-ray mammograms. A study performed on largest number of patients [37] reported that the dual mode PA-US imaging has the potential in reducing the number of false positive examinations as compared to US alone.
PA Imaging Versus Histology
Heijblom et al. [35] , Li et al. [110] , and Menezes et al. [113] validated their findings from the in vivo PA images with the corresponding histopathology images. Heijblom et al. [35] found that the average size deviation of the lesions detected in PA imaging with respect to the corresponding lesions detected in histopathology was 28%. For six cases out of 29, they [25] compared PA images with the corresponding histopathology images. They observed a good correlation between PA and the corresponding histology images in terms of lesion shape and size. Out of the six cases detected by Li et al. [110] using in vivo PA imaging, for five cases the results were consistent with that of the final pathology. From these studies, it was observed that in addition to lesion size, lesion shape and appearance of PA images were also correlated with histology. Menezes et al. [113] reported typical PA-US and histopathological differences between triple-negative breast cancers (TNBCs) and luminal-A (LUMAs) molecular subtypes. In case of TNBCs, they observed rich internal findings and relative lack of external peripheral zone findings in PA-US feature scores. LUMAs showed more prominent external peripheral zone radiating vessels but reduced PA-US internal feature scores. Among PA-US features, they found significant correlations between PA-US internal feature scores and the secondary histopathological indicators such as continuous number of mitoses, estrogen receptor (ER) status and Ki-67 percentages.
Patient Population in Clinical Studies
Translation of an imaging system from research level to clinical practice requires that the performance of the imaging system should be evaluated with a large number of clinical studies involving large patient population. In this subsection, the patient population involved in the clinical studies conducted by various groups was listed. Heijblom et al. [35] included 31 patients in their recent clinical study using Twente PAM. A pilot clinical study involving 16 patients was conducted by Garcia-Uribe et al. [107] using their dual modality PA and US imaging system. Kruger et al. [73] performed an in vivo study involving four patients with their 3D PA breast imaging system. Toi et al. [39] tested the performance of their PA imaging system (PAM-03) on 22 malignant cases and in their previous clinical study [108] , they evaluated the performance of their prototype machine (PAM-01) on 27 breast cancer lesions. Zalev et al. [111] tested their Imagio TM breast imaging system on 74 breast masses. Another pilot study was conducted by the same group involving the first 100 subjects from a multi-center pivotal study of Imagio TM system. Except for the multi-center pivotal study involving 2105 subjects conducted by Neuschler et al. [37] , the patient population involved in the studies of other research groups is not sufficient. Except for the PIONEER study with 2105 patients, the patient population in all other studies was very small. This kind of studies with a small population may not be sufficient to confirm the potential of PA imaging for breast cancer diagnosis as well as screening. Large numbers of clinical studies involving large patient population are expected to be done in the near future to bring these PA imaging systems into regular clinical practice. Table 5 shows that as far as the resolution is concerned, 3D PA imaging system developed by Kruger et al. [40] provided the best spatial resolution which is approximately equal to 250 µm. 3D PA imaging system developed by Lin et al. [106] provided a comparable spatial resolution of 255 µm to that of the PA imaging system developed by Kruger et al. [40] . As far as the depth of penetration is concerned, the PA imaging system developed by Ke et al. [70] which was evaluated using an ex-vivo study on chicken breast tissue, provided maximum penetration depth of 66 mm. As far as flexibility and versatility are concerned, we regard 3D PA imaging systems developed by Kruger et al. [73] and Lin et al. [106] to be the best, as they could accommodate a wide variety of patient population and provide excellent image resolution.
Comparison of PA Imaging System Configurations
Spectroscopic Imaging
In their in vivo study, Kitai et al. [108] acquired PA images at 756 nm and 797 nm and using these PA images they evaluated the oxygen saturation of hemoglobin (SO 2 ) and total hemoglobin concentration (HbT) of the lesions. Asao et al. [47] developed a dual-mode PA and US imaging system which acquired PA images at 756nm and 797 nm. Toi et al. [39] acquired in vivo PA images of 22 malignant cases at 756 nm and 797 nm. Li et al. [110] evaluated the feasibility of functional PAT at 733 nm, 775 nm, and 808 nm for high-resolution detection and characterization of breast cancer on six lesions. Becker et al. [122] performed a clinical study on 6 cases of healthy breasts, five cases of IBCs and two cases of DCIS with their handheld dual mode PA-US imaging system and acquired PA images at five different wavelengths 700 nm, 730 nm, 760 nm, 800 nm, and 850 nm. Using multiwavelength PA data, they estimated the concentration of deoxygenated hemoglobin (Hb), oxygenated hemoglobin (HbO 2 ), HbT, and SO 2 . They observed that for IBC patients, the concentration of Hb, HbO 2 , HbT corresponding to diseased tissue increased compared to healthy breast tissue while, for DCIS cases, these parameters corresponding to diseased tissue varied slightly relative to healthy patients. Diot et al. [123] performed a pilot clinical study on three cases of healthy breasts, two cases of IBCs and eight malignant cases of non-specific breast cancers with their PAT system and acquired PA images at 28 different wavelengths. Using multiwavelength PA data, they estimated the concentration of Hb, HbO 2 , HbT, lipid, and water. For a wide range of tumor sizes, they found that HbT concentrations at the tumor periphery are higher than that of HbT concentrations within tumors. Abeyakoon et al. [124] performed a spectroscopic PA imaging at three wavelengths 700 nm, 800 nm, and 850 nm using their integrated PA-US imaging system to detect physiological changes in the breast during the menstrual cycle. They included 22 pre-menopausal and eight post-menopausal volunteers in their study and found that PA-US intensity values in the secretory phase were significantly higher than that of the proliferative phase.
Breast Cancer Treatment Monitoring
From the literature it was found that PA imaging can be used to monitor the efficacy of anti-cancer treatments, such as chemotherapy or molecular targeting therapies, through the changes in the PA images of tumor-related blood vessels. Intratumoral blood flow visualization and oxygen status of hemoglobin in the blood vessels through PA imaging enables a detailed understanding of tumor microenvironment during and after the treatment. Li et al. [125] performed a multiwavelength PA imaging study on a patient (46- year-old-female) with a high-grade DCIS and IBC before neoadjuvant chemotherapy. From the PA images obtained before the treatment, after each month during the treatment for first three consecutive months and after the treatment before surgery, they observed a gradual decrease in the lesion area (from 217.8 mm 2 to 39.9 mm 2 ) as well as contrast due to total hemoglobin (from 2.6 to 1.7) and oxygen saturation (from 1.3 to 1.1) in the lesion. They reported that their findings with PA images were also compatible with MRI and US diagnosis reports. Toi et al. [39] demonstrated that the tumor associated blood vessels in a patient with IBC became visible in PA images after chemotherapy. Hysi et al. [126] performed a PA imaging study at 750/850 nm on EMT-6 breast cancer tumor injected into mice to monitor the response of a thermosensitive liposome treatment. They observed the response of the treatment though PA images obtained at different time points 30 min before and after treatment up to seven days after treatment. They reported that the liposome encapsulated doxorubicin (HaT-DOX) treatment responders at 2 h after treatment have shown 22% decrease in oxygen saturation (indicating treatment-induced vascular destruction) and a 45% and 73% decrease in the slope of normalized PA frequency spectra (indicates treatment induced morphological changes of blood vessels) at 750 nm and 850 nm, respectively.
Questions Raised by Manohar's Research Group and Answers
For the successful translation of a new imaging modality from the laboratory environment to the clinical environment, researchers have to provide answers, supported by experimental evidence, to certain questions related to the role and utility of the imaging technology for detection and diagnosis of particular diseases. Heijblom et al. [127] identified some important questions to evaluate the utility of using PA technology in the clinical environment for imaging of breast cancer. In this subsection, we summarized the experimental evidence, obtained so far by the different groups to answer the questions raised by Heijblom et al. [127] .
Question 1: What are the PA appearances of different varieties of breast cancer such as IDC, ILC, DCIS, and fibroadenoma?
An in vivo study reported that the centripetal blood vessel structure was observed in the PA images of IBC cases, whereas intratumoral spotty signals were observed in the PA images DCIS cases. In another in vivo study, appearance of IDC lesions in the PA images were divided into three categories, namely mass, non-mass, and ring structures. Details of these two studies were described below.
In their in vivo study, Toi et al. [39] selected five markers related to the vasculature in the detected lesion and on the basis of the presence of these five markers, compared the PA images of patients suffering from IBC with the PA images of DCIS patients. According to their findings, there was a significant difference of centripetal vasculature between the PA images of IBC patients and that of DCIS patients. An example of MR, PA, and their fused images of a 40-year-old woman with IBC, shown in Figure 5a -d, demonstrates the centripetal vasculature. Centripetal vasculature refers to vasculature which tends to converge towards the center of the tumor from the normal breast tissue. In this, the blood vessels tend to become rapidly narrowing at the periphery of the tumor and they seem to be almost vanishing at the center of the tumor. They also observed, although there was no statistical significance, that PA images of IBC cases contained more intratumoral vasculature-like linear signals, while PA images of DCIS cases contained more intratumoral spotty signals. In the in vivo PA imaging study conducted with primary patients suffering from IDC, Heijblom et al. [25, 35] observed that appearances of the lesions in the corresponding PA images generally fall into three categories namely 'mass or confined', 'non-mass or scattered', and 'ring'.
Toi et al. [39] , observed that the PA images of five patients with DCIS contained intratumoral spotty signals as shown in Figure 5e -h for a 46-year-old woman with DCIS, while the PA images of 17 patients with IBC contained centripetal blood vessel structure as shown in Figure 5a -d for a 40year-old woman with IBC and intratumoral vasculature-like linear signals. Heijblom et al. [25, 35] reported that the PA images of breasts with IDC contained mass, non-mass, and ring-like structures. However, due to the small number of cases reported in these two studies, generalized comments on the specific PA markers corresponding to different types of breast cancer is not possible.
Question 2: What are the pathophysiological factors behind the PA signatures of the breast cancer and whether the PA signatures can be related to angiogenic or vasculature distribution? Can these PA signatures be used for breast cancer diagnosis?
Some studies have identified different patterns of vasculatures associated with different types of cancers and patients behind different PA signatures. However, the diagnostic capabilities of these PA signatures were not evaluated in these studies.
Heijblom et al. [25] compared the PA images of some of the breast cancer patients with the corresponding histopathology images. For the three cases with PA 'mass' appearance, they observed that the vasculature was spread throughout the lesion from the corresponding CD31 histopathology. They correlated the case of PA 'non-mass' appearance with vascular pattern most pronounced in noncohesively organized vasculature fields. Non-cohesively organized vasculature fields are scattered or unconnected vasculature fields. For the case of PA 'ring' appearance, they observed the vasculature In the in vivo PA imaging study conducted with primary patients suffering from IDC, Heijblom et al. [25, 35] observed that appearances of the lesions in the corresponding PA images generally fall into three categories namely 'mass or confined', 'non-mass or scattered', and 'ring'.
Toi et al. [39] , observed that the PA images of five patients with DCIS contained intratumoral spotty signals as shown in Figure 5e -h for a 46-year-old woman with DCIS, while the PA images of 17 patients with IBC contained centripetal blood vessel structure as shown in Figure 5a -d for a 40-year-old woman with IBC and intratumoral vasculature-like linear signals. Heijblom et al. [25, 35] reported that the PA images of breasts with IDC contained mass, non-mass, and ring-like structures. However, due to the small number of cases reported in these two studies, generalized comments on the specific PA markers corresponding to different types of breast cancer is not possible.
Question 2: What are the pathophysiological factors behind the PA signatures of the breast cancer and whether the PA signatures can be related to angiogenic or vasculature distribution? Can these PA signatures be used for breast cancer diagnosis?
Heijblom et al. [25] compared the PA images of some of the breast cancer patients with the corresponding histopathology images. For the three cases with PA 'mass' appearance, they observed that the vasculature was spread throughout the lesion from the corresponding CD31 histopathology. They correlated the case of PA 'non-mass' appearance with vascular pattern most pronounced in non-cohesively organized vasculature fields. Non-cohesively organized vasculature fields are scattered or unconnected vasculature fields. For the case of PA 'ring' appearance, they observed the vasculature to be confined to the border. They also provided the physiological explanation for the few cases in which the PA lesion appearance do not fall within the above mentioned three major categories, or they contradict the corresponding MRI findings. As mentioned in the previous paragraph containing the evidence in support of Question 1, Toi et al. [39] attempted to analyze the different varieties of breast cancer by detecting five different PA markers related to lesion vasculature. For the above-mentioned studies, specific PA appearances for a limited number of cases were correlated with the corresponding physiology. However, these studies did not evaluate the diagnostic capabilities of those specific PA appearances/markers. Menezes et al. [113] performed a dual-mode PA-US imaging in addition to internal gray-scale US imaging on 67 malignant breast masses. They used PA-US features to differentiate between breast cancer molecular subtypes. They reported that among PA-US features, the sum of internal features was useful to differentiate between triple-negative breast cancer (TNBC) and HER2 enriched breast cancer subtypes. Internal vessels, the sum of all internal features, the sum of all internal and external features of PA-US images were useful to differentiate between Luminal A (LUMA) and Luminal B (LUMB) molecular subtypes. All internal features, the sum of all internal features, the sum of all external features, the sum of all internal and external features, and the ratio of internal and external features of PA-US images were useful to differentiate between LUMA and TNBC molecular subtypes. They also found that the same features could be useful to differentiate between LUMA and TNBC from other molecular subtypes. Dogan et al. [114] performed a detailed analysis on dual mode PA US images of 532 IBC lesions of 519 patients from the PIONEER study. They reported that the means of total external PA-US feature scores, i.e., boundary zone, peripheral zone vessels for luminal (A and B) breast cancers were higher, and total internal PA-US features scores, i.e., internal vessels, internal blush, and internal hemoglobin were lower than that of the triple-negative and HER2positive breast cancers.
Question 3: Whether it is possible to identify PA image markers for differentiating between contralateral breast and the healthy breast?
A small number of clinical studies show that there were significant differences among the PA images of the healthy breast and the contralateral breast.
In their in vivo study, Fakhrejahani et al. [109] observed that the saturated oxygen level of the affected breast masses was lower than the contralateral breasts and healthy breasts. Toi et al. [39] observed that the contralateral breasts are having lower PA signals than that of the affected breast. However, these clinical studies did not give any specific PA image marker to differentiate between the contralateral and healthy breast. Yamaga et al. [128] performed a three-dimensional PA imaging with a hemispherical detector array on 22 patients with unilateral breast cancer to identify a potential biomarker for breast cancer. They concluded that an increased average count of vessel branching points at a superficial depth below breast skin might indicate the presence of the primary breast cancer as compared with that of the contralateral unaffected breasts.
Question 4: How much beneficial PA imaging will be for screening, detection, and diagnosis of breast cancer. Whether PA imaging can be utilized for dense breast imaging and neoadjuvant chemotherapy monitoring?
From the results of clinical studies conducted so far by different research groups, it can be said that PA imaging can be utilized for the detection of breast cancer. However, there is no clear experimental evidence to support the utility of PA imaging in breast cancer screening. Very few clinical studies [25, 35, 37, 39] have been done so far, and the results of these studies indicate that PA imaging can potentially be used for breast cancer diagnosis. However, for gathering conclusive evidence in support of the capability of PA imaging for breast cancer diagnosis, a significant number of clinical studies with large population must be performed.
In the clinical study performed by Heijblom et al. [35] they observed that there was no noteworthy difference in the average PA contrast among the X-ray low-dense and high-dense breasts. Toi et al. [39] observed that, following chemotherapy, intramural blood flow was increased by which the blood vessels inside the tumor became visible. This shows that PA imaging may potentially be utilized for monitoring chemotherapy.
Conclusions
This study indicates that over the last two decades, as far as breast cancer detection is concerned, PA imaging systems have been significantly improved by customizing US detector assembly as well as scanning configurations. However, there is a great need to perform a significant number of in vivo studies under the clinical environment with a large patient population belonging to different breast cancer types. Such studies enable the researchers to answer clinically relevant questions, like whether there is any unique PA signature corresponding to breast cancer in the early stage, and whether there are different PA signatures corresponding to different types of breast cancers, etc. Based on the experimental evidence obtained so far, it can be concluded that PA imaging can be used for detection of breast cancer. There is no clinical evidence to support the utility of PA imaging for breast cancer screening. However, as far as the breast cancer diagnosis is concerned, additional clinical studies are required to be performed to evaluate the diagnostic potential of photoacoustic imaging for identifying different types of breast cancer. In the future, the functional imaging capability of spectroscopic PA imaging needs to be exploited with more in vivo studies conducted at multiple wavelengths. To reduce the cost of the functional PA imaging system, the expensive multi-wavelength laser can be replaced with laser diodes with different wavelengths. 
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